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1.	 Group-	living	 is	widespread	 among	 animals	 and	 comes	with	 numerous	 costs	 and	
benefits.	To	date,	research	examining	group-	living	has	focused	on	trade-	offs	sur-






but	 the	mechanisms	of	 group	 air-	breathing	 remain	unexplored.	 It	 is	 conceivable	
that	 keystone	 individuals	 with	 high	 metabolic	 demand	 or	 intrinsic	 tendency	 to	
breathe	air	may	drive	social	breathing,	especially	in	hypoxia.
3.	 We	examined	social	air-	breathing	in	African	sharptooth	catfish	Clarias gariepinus,	to	
determine	 whether	 individual	 physiological	 traits	 and	 spontaneous	 tendency	 to	
breathe	air	influence	the	behaviour	of	entire	groups,	and	whether	such	influences	
vary	in	relation	to	aquatic	oxygen	availability.
4.	 We	 studied	 11	 groups	 of	 four	 catfish	 in	 a	 laboratory	 arena	 and	 recorded	 air-	
breathing	behaviour,	activity	and	agonistic	interactions	at	varying	levels	of	hypoxia.	















©	2017	The	Authors.	Journal of Animal Ecology	published	by	John	Wiley	&	Sons	Ltd	on	behalf	of	British	Ecological	Society
2  |    Journal of Animal Ecology KILLEN Et aL.
1  | INTRODUCTION
Group-	living	is	ubiquitous	throughout	the	animal	Kingdom	and	comes	
with	 a	variety	of	 costs	 and	benefits	 (Krause	&	Ruxton,	 2002;	Ward	
&	Webster,	2016).	For	example,	 individuals	 in	groups	experience	re-
duced	predation	risk	via	a	variety	of	mechanisms	 (Krause	&	Ruxton,	
2002;	 Pitcher	 &	 Parrish,	 1993;	 Ward	 &	 Webster,	 2016)	 and	 also	
have	 increased	 foraging	 efficiency	 (Ekman	 &	 Hake,	 1988;	 Pitcher,	
Magurran,	&	Winfield,	1982;	Ruxton,	Hall,	&	Gurney,	1995).	However,	
living	 within	 groups	 can	 also	 increase	 intraspecific	 aggression	 and	
competition	 for	 food	 (Killen,	Fu,	Wu,	Wang,	&	Fu,	2016;	Webster	&	
Hart,	2006).	To	date,	the	costs	and	benefits	of	group	membership	have	
almost	exclusively	focused	on	the	trade-	off	between	foraging	and	pre-










most	 common	 in	 tropical	 species	 from	habitats	 that	 regularly	 expe-
rience	 aquatic	 hypoxia	 (Graham,	1997;	Randall	 et	 al.,	 1981).	All	 air-	
breathing	 fishes	 are	bimodal	 breathers	meaning	 that,	 although	 they	
have	an	air-	breathing	organ,	they	still	possess	gills	to	breathe	water.	
Air-	breathing	 has	 a	 clear	 physiological	 drive;	 it	 is	 a	 reflex	 response	
driven	by	oxygen	chemoreceptors	that	monitor	water	and	blood	ox-
ygen	 levels.	Within	 air-	breathing	 species,	 there	 is	 considerable	vari-


























































that	 social	 context	 can	obscure	 interactions	between	an	 individual’s	 physiological	
and	behavioural	traits	and	their	tendency	to	take	risks	to	obtain	resources.
K E Y W O R D S
air-breathing	fish,	ecophysiology,	group-living,	keystone	individuals,	metabolic	rate,	social	
behaviour
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2  | MATERIALS AND METHODS
2.1 | Animals
Juvenile C. gariepinus	 of	 unknown	 sex	 (mean	 mass	±	SD	=	64.1	
±	 11.34	g;	 total	 length	=	220	±	10.85	mm)	 were	 obtained	 from	
Piscicultura	Polettini	(Mogi	Mirim,	SP,	Brazil)	and	transported	by	road	










Catfish	were	 fasted	 for	 24	hr	 prior	 to	measurements,	 and	 then,	 in-
dividuals	were	transferred	gently	to	bimodal	respirometers	(Lefevre,	
Bayley,	&	McKenzie,	2016;	McKenzie	et	al.,	2015).	Four	respirometers	
were	partially	 immersed	 in	 two	baths	of	well-	aerated	water	 (0.4	m2 
surface	area,	12	cm	water	depth)	with	each	setup	partially	screened	
behind	 opaque	 black	 plastic	 sheeting	 so	 that	 routine	 air-	breathing	
behaviours	were	not	 inhibited	by	 fear	of	 human	presence	 (Lefevre,	
Wang,	 Phuong,	 &	 Bayley,	 2011;	 Shingles,	 McKenzie,	 Claireaux,	 &	
Domenici,	 2005).	Water	was	maintained	 at	 26.5	±	0.5°C	using	 sub-
mersible	 aquarium	 heaters.	 Fish	 were	 placed	 in	 the	 respirometers	















the	 two	phases,	 aquatic	 and	aerial,	were	 flushed	 simultaneously	 for	
5	min	to	replenish	O2	levels.
Oxygen	 levels	 in	 the	 water	 and	 air	 were	 measured	 with	 two	
PC-	controlled	 fibre-	optic	 oxygen	 meters	 with	 four	 channels	 each	






−1	hr−1)	 for	each	15-	min	 respirometry	 cycle,	based	upon	
the	decline	in	O2	content	in	each	phase	during	the	closed	period,	as	


























performed	 in	 a	250-	L	 circular	 tank	equipped	with	 a	25-	L	overflow	
reservoir.	A	recirculation	pump	was	placed	in	the	overflow	reservoir,	
which	returned	water	to	the	primary	observation	tank.	Aeration	was	
performed	 in	 the	overflow	 tank	 to	prevent	 any	disturbance	 to	 the	





observation	tank	to	enhance	visibility	 through	 indirect	 illumination.	
Although	 this	arena	was	brighter	 than	what	 the	 fish	would	experi-
ence	in	a	more	natural	setting,	the	fish	appeared	to	behave	normally.	
In	 addition,	 the	 open	 conditions	 in	 the	 arena	 served	 to	 heighten	
the	potential	 trade-	off	between	air-	breathing	and	exposure	to	per-
ceived	 risk.	 Behavioural	 observations	were	 taken	 using	 a	 remotely	
controlled	 GoPro	 camera	 (gopro.com)	 mounted	 directly	 above	 the	
observation	tank.
Group	behaviour	was	monitored	following	respirometry	analysis.	
Fish	were	 anesthetized	 in	 a	 benzocaine	 solution	 (100	mg/L),	 and	 a	
coloured	bead	was	sutured	to	their	dorsal	side.	This	provided	a	tem-
porary	means	of	visual	identification	during	automated	tracking	of	be-
haviour	 from	video	 recorded	during	 the	 trials.	 Fish	were	allowed	 to	
recover	in	isolation	for	30–60	min	after	which	they	were	placed	in	the	
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observation	tank	and	allowed	to	acclimate	overnight	(15	hr).	The	tank	
was	flushed	with	clean	water	for	45	min	the	following	morning,	and	











2.3.2 | Series II: individual observations
Individual	 behavioural	 observations	 were	 performed	 approximately	
3	days	following	the	group	trials	for	group	of	fish.	These	observations	



























we	 quantified	 four	 behaviours:	 (1)	 breaths,	 defined	 as	 anytime	 the	
fish	broke	 the	 surface	of	 the	water,	 opened	 its	mouth	 and	 ingested	
air;	(Video	S1)	(2)	attacks,	when	a	fish	would	bite	or	quickly	lunge	at	a	
conspecific;	(3)	pushes,	when	a	fish	would	displace	another	individual	







All	 analyses	 were	 conducted	 using	 r	 v.	 3.4.0	 (R	 Development	 Core	
Team,	 2017)	 using	 the	 function	 lmer	 in	 package	 lme4	 (Bates	 et	al.,	
2016)	 and	 MuMIn	 1.9.13	 (Barton,	 2015)	 (http://CRAN.R-project.org/
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included	as	a	random	effect	in	these	models.	In	all	cases,	the	full	model	
was	 first	 fitted	using	 restricted	maximum	 likelihood	estimation	 (REML)	
to	 compare	 possible	 random	 structures	 by	 likelihood	 ratio	 testing.	We	



































Intercept −1.458 5.088 35.62 −0.287 .776
SMR −1.282 0.888 26.04 −1.444 .161
Mass −1.840 2.747 31.27 −0.670 .508
%MO2	AIR 0.021 0.016 34.44 1.311 .198
Activity 2.095 0.257 195.43 8.138 <.0001
Attacks 1.687 0.323 59.12 5.226 <.0001
Oxygen	availability
20% 0.759 0.440 165.58 1.722 .087
40% 0.2247 0.439 165.48 0.511 .610
60% −0.844 0.434 161.70 −1.946 .053
80% 0.137 0.437 164.96 −0.314 .753
Activity 0.152 0.204
Intercept 4.861 1.048 116.37 4.638 <.0001
SMR 0.065 0.196 198.69 0.335 .738
Mass −0.927 0.587 137.89 −1.580 .116
%MO2	AIR 0.001 0.003 100.25 0.444 .658
Attacks 0.352 0.073 200.67 4.839 <.0001
Oxygen	availability
20% 0.134 0.126 192.22 1.065 .288
40% 0.116 0.126 192.19 0.921 .358
60% 0.067 0.125 191.79 0.539 .591
80% −0.175 0.125 191.82 −1.405 .162
Attacks 0.062 0.642
Intercept −0.573 1.767 38.06 −0.324 .746
SMR −0.154 0.356 38.00 −0.432 .668
Mass 0.466 1.007 38.00 0.462 .647
%MO2	AIR 0.006 0.006 38.00 1.132 .264
Oxygen	availability
20% 0.278 0.077 164.00 3.593 .0004
40% 0.268 0.077 164.00 3.470 .0007
60% 0.123 0.077 164.00 1.589 .114
80% 0.140 0.077 164.00 1.802 .073
SMR,	standard	metabolic	rate.























bitrary	when	used	as	 thresholds	 for	declaring	 statistical	 significance	
and	problematic	and	limiting	in	several	ways	(Boos	&	Stefanski,	2011;	




3.1 | Air- breathing alone vs. in a group
At	any	level	of	oxygen	availability,	fish	took	more	air	breaths	when	
in	 groups	 as	 compared	 to	when	 they	were	 alone	 (Figure	1;	 LME,	
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effect	 of	 social	 treatment,	 F1,	 126.09	=	86.28,	 p	<	.0001).	 The	 large	
influence	 of	 social	 environment	 on	 individual	 air-	breathing	 was	
highlighted	 by	 the	 observation	 that	 fish	 in	 groups	 in	 normoxia	
took,	 on	 average,	 8.2-	fold	more	 air	 breaths	 than	 solitary	 fish	 ex-
posed	to	severe	hypoxia—a	condition	that	is	normally	expected	to	
stimulate	air-	breathing.	 Indeed,	air	breathing	 increased	 in	hypoxia	
in	 both	 isolation	 and	 in	 groups	 (Figure	1;	 LME,	 effect	 of	 oxygen,	
F1,	 115.89	=	20.37,	 p	<	.0001).	While	 estimated	 repeatability	 across	
conditions	of	normoxia	and	20%	air	saturation	appeared	relatively	
high	 when	 fish	 were	 tested	 alone,	 there	 was	 a	 large	 degree	 of	

















groups	 (Figure	2a,b).	 Neither	 air-	breathing	 nor	 attacks	were	 related	
to	 either	 SMR	 or	 %MO2AIR	 among	 individuals	 in	 groups	 (Table	1;	
















served	 in	 groups	 (C.D.	 for	 both	 was	 >1.0	 across	 oxygen	 treatments,	
Figure	3).	 The	 degree	 of	 temporal	 synchrony	 for	 when	 fish	 engaged	
in	 attacks	 increased	 with	 hypoxia	 (LME,	 effect	 of	 oxygen	 availability,	 





11.52%–24.9%	 of	 breaths	 occurred	 within	 5	s	 of	 that	 fish	 attacking	
another	fish	and	21.3%–44.32%	of	breaths	were	performed	within	5	s	





3.3 | Among- group variation in air- breathing
The	 amount	 of	 air-	breathing,	 activity	 and	 attacks	 varied	 greatly	
among	 groups	 (Figure	5).	 For	 the	 number	 of	 attacks	 in	 particular,	
LME	 r2M	was	extremely	 low	as	compared	 to	 r
2
C	 (Table	1),	 suggesting	
a	 large	 amount	 of	 the	 variation	 in	 attacks	 was	 not	 attributable	 to	
model	fixed	effects	but	instead	to	variation	among	groups.	The	mean	
total	 air-	breaths	 performed	 by	 groups	 increased	 by	 approximately	
40%	as	oxygen	availability	transitioned	from	100%	to	20%	air	satu-







gen	availability	declined	 (see	95%	confidence	 intervals	 illustrated	 in	
Figure	5).
Groups	with	the	most	aggression,	in	terms	of	total	number	of	at-











extraordinary	 example	whereby	 the	 influence	of	 keystone	 individu-
als	 not	only	 shapes	 the	behaviour	of	 groupmates	 (Modlmeier	 et	al.,	
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availability	in	determining	individual	behaviour.	Specifically,	although	
air-	breathing	 in	 fishes	 has	 a	 strong	 underlying	 physiological	 drive	
(Chapman	 &	McKenzie,	 2009;	McKenzie	 et	al.,	 1991,	 2015)	 and	 is	
markedly	 stimulated	when	water	 oxygen	 availability	 falls,	 the	 influ-








breathe	 can	make	 individuals	more	prone	 to	predation	and	 synchro-
nous	air-	breathing	may	act	to	offset	that	risk	 (Chapman	&	Chapman,	
1994;	 Kramer	&	Graham,	 1976;	 Kramer	 et	al.,	 1983).	 In	 the	 current	



































may	 raise	metabolic	 rate	 beyond	 the	 effects	 of	 the	physical	 activity	
alone	(Nadler,	Killen,	McClure,	Munday,	&	McCormick,	2016;	Sloman,	




Additional	 research	 is	 therefore	 required	 to	 understand	whether	
the	 links	between	air-	breathing	and	aggression	within	groups	have	a	
“physiological”	basis,	whereby	effects	on	activity	level	and	oxygen	de-
mand	stimulated	 inescapable	surfacing	 reflexes.	 If	 the	 responses	are	
inescapable,	then	they	may	even	be	a	cost	of	the	adaptation	in	fishes,	
driving	 them	 to	 surface	 even	when	 this	 is	 unnecessary	 or	 inappro-
priate.	 Interestingly,	some	air-	breathing	fishes	are	capable	of	 intense	
aerobic	swimming	while	being	denied	access	to	aerial	respiration	but,	





relatively	 few	 fish	 species	are	bimodal	breathers	 (Lefevre,	Domenici,	
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uate	 the	compromises	made	by	 individual	 fish	 to	 conform	 to	 the	be-
haviour	of	the	group,	in	terms	of	deviating	from	their	apparent	preferred	
frequency	of	air-	breathing	 in	 isolation.	 In	groups,	 the	 fact	 that	all	 fish	
performed	 air-	breathing	much	more	 than	 they	would	 otherwise	 sug-










F IGURE  6 The	effect	of	intraspecific	aggression	on	air-	breathing	in	groups	of	Clarias gariepinus.	Each	data	point	represents	data	for	one	group	
of	four	fish	(n	=	11	groups).	Panel	a	shows	the	relationship	between	the	total	attacks	and	total	air	breaths	performed	by	all	fish	within	each	group.	

















Intercept 5.673 2.237 39.80 2.397 .021
Attacks 0.314 0.031 45.14 10.112 <.0001
Oxygen	availability
20% 3.062 2.309 39.23 1.326 .193
40% 1.207 2.300 39.18 0.525 .603
60% −2.870 2.227 39.05 −1.260 .215





Intercept 7.119 2.056 31.97 3.464 <.0001
Attacks	by	
dominant
0.315 0.037 44.00 8.433 <.0001
Oxygen	availability
20% 0.865 1.967 39.15 0.440 .662
40% −0.805 1.966 39.14 −0.409 .684
60% −4.108 1.939 39.00 −2.119 .041
80% −4.254 1.947 39.04 −2.184 .035
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In	 conclusion,	 the	 amount	of	 air-	breathing	varied	 greatly	 among	
groups	of	C. gariepinus	and	the	risk-	taking	in	the	group	was	strongly	
tied	 to	 the	 amount	 of	 aggression	 performed	by	 the	most	 dominant	
and	aggressive	individual	within	each.	The	amount	of	aggression	per-
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